High-resolution photodetachment spectra of C 3 O − and C 3 S − using slow photoelectron velocity-map imaging spectroscopy are reported. Well-resolved transitions to the neutral X 1 ⌺ + state are seen for both species. The electron affinities of C 3 O and C 3 S are determined to be EA͑C 3 O͒ = 1.237Ϯ 0.003 eV and EA͑C 3 S͒ = 1.5957Ϯ 0.0010 eV, respectively. Several vibrational frequencies for gas phase C 3 O and C 3 S are determined for the first time. The long progression of bending modes observed in the spectra is consistent with electronic structure calculations predicting that the C 3 O − and C 3 S − have bent equilibrium geometries.
I. INTRODUCTION
The heteroatom-doped C n O and C n S linear carbon chains are important interstellar species. The first three members ͑n =1-3͒ for each species have been identified in interstellar sources by their rotational spectra. [1] [2] [3] [4] [5] [6] [7] [8] In this paper, we continue our investigation of these two isovalent series of clusters via negative ion photodetachment. 9 The high resolution photoelectron ͑PE͒ spectra of the C 3 O − and C 3 S − anions are reported, providing a detailed probe of the neutral and anionic ground electronic states of these species.
The C 3 O radical has been studied by microwave spectroscopy, 10, 11 millimeter-wave spectroscopy, 12 and infrared absorption in rare-gas matrices 13, 14 and in the gas phase. 15 Similarly, C 3 S has been studied by microwave spectroscopy 6, 16, 17 and by infrared absorption in rare-gas matrices 18, 19 and in the gas phase. 20 Several theoretical studies on the equilibrium geometry, electronic structure, and vibrational spectra of these two species have been reported. 14, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] The combination of high-level ab initio calculations and microwave spectroscopy of isotopically substituted species has yielded very accurate bond lengths for the neutral C 3 O and C 3 S. 25, 28 The corresponding C 3 O − and C 3 S − anions have received considerably less attention. The only experimental data on C 3 O − come from the PE spectrum of Oakes and Ellison. 32 This spectrum featured an extended, partially resolved vibrational progression with a frequency of 600Ϯ 35 cm −1 , indicating a large geometry change between the anion and the neutral. The first resolved peak was assigned to the origin transition, yielding an electron affinity ͑EA͒ of 1.34Ϯ 0.15 eV for C 3 O. Rienstra-Kiracofe et al. 23 subsequently performed electronic structure calculations on C 3 O and C 3 O − using the coupled cluster method with single, double, and noniterative triple excitations ͓CCSD͑T͔͒ and found an EA of 0.93Ϯ 0.10 eV, raising questions about the experimental assignment. No experimental or theoretical studies on the C 3 S − anion have been reported yet. In this paper, we present high-resolution photodetachment spectra of C 3 O − and C 3 S − using slow photoelectron velocity-map imaging ͑SEVI͒. Well-resolved vibrational transitions to the neutral X 1 ⌺ + state are seen for both species. We obtain a revised EA͑C 3 O͒ and the first determination of EA͑C 3 S͒. The v 3 , v 4 , and v 5 frequencies for neutral gas phase C 3 O and C 3 S are also determined. Extended progressions of bending modes observed in the spectra are consistent with both anions having bent equilibrium geometries.
II. EXPERIMENTAL
The SEVI apparatus has been described in detail elsewhere. [33] [34] [35] SEVI is a high resolution variant of PE spectroscopy in which mass-selected anions are photodetached at a series of wavelengths. The resulting PEs are collected by velocity-map imaging ͑VMI͒ ͑Ref. 36͒ using relatively low extraction voltages with the goal of selectively detecting slow electrons with high efficiency and enlarging their image on the detector. At each photodetachment wavelength, one obtains a high resolution PE spectrum over a limited range of electron kinetic energy ͑eKE͒.
In this experiment, C 3 O − anions were produced from a gas mixture comprising 1% acetylene and 20% CO 2 in a balance of Ar. Similarly, C 3 S − anions were produced from 1% acetylene and 1% CS 2 in a balance of argon. The gas mixture at a stagnation pressure of 300 psi was expanded into the source vacuum chamber through an Even-Lavie pulsed valve 37 equipped with a grid discharge described in detail elsewhere. 38 Briefly, the gas from the pulsed valve passed through a 2.5ϫ 23 mm 2 channel made from Teflon and aluminum within which were two fine grids made of stainless steel wire mesh and separated by 1 mm. The first grid was held to ground while the second was floated to around Ϫ500 V dc through a 1 k⍀ resistor. The passage of the expanding gas through the grids induced a discharge. Anions formed in the gas expansion were perpendicularly a͒ Author to whom correspondence should be addressed. Electronic mail: dneumark@berkeley.edu.
extracted into a Wiley-McLaren 39 time-of-flight mass spectrometer and directed to the detachment region by a series of electrostatic lenses and pinholes. A pulse on the last ion deflector allowed only the desired mass into the interaction region.
Anions were photodetached between the repeller and the extraction plates of the VMI stack by the focused output of a Nd:yttrium aluminum garnet pumped tunable dye laser. The PE cloud formed was then coaxially extracted down a 50 cm flight tube and mapped onto a detector comprising a chevron-mounted pair of time-gated, imaging quality microchannel plates coupled to a phosphor screen, as is typically used in photofragment imaging experiments. 40 Events on the screen were collected by a 1024ϫ 1024 charge-coupled device camera and sent to a computer. Electron velocitymapped images resulting from 50 000-250 000 laser pulses were summed, quadrant symmetrized, and inverse Abel transformed. 41 PE spectra were obtained via angular integration of the transformed images. The spectra presented here are plotted with respect to electron binding energy ͑eBE͒, defined as the difference between the energy of the photodetachment photon and the measured eKE.
The apparatus was calibrated by acquiring SEVI images of atomic oxygen 42 at several different photon energies. With the Ϫ350 V VMI repeller voltage used in this study, the full widths at half maximum of the oxygen peaks were 7.5 cm −1 at 150 cm −1 eKE and 18 cm −1 at 715 cm −1 . In the SEVI experiment, within the same image, all observed transitions have similar widths in pixels ͑⌬r͒, so transitions observed further from threshold ͑larger r͒ are broader in energy. By varying the laser wavelength, a series of images in which the transitions of interest are close to the detachment threshold can be acquired, yielding a complete, high resolution PE spectrum.
SEVI also provides information on the photoelectron angular distribution ͑PAD͒. For one-photon detachment, the PAD is given by 43, 44 
where is the angle between the direction of the PE ejection and the polarization vector of the incident photon. The anisotropy parameter ␤ lies between 2 and Ϫ1 and provides information on the orbital angular momentum ͑l͒ of the ejected PE; l =0 ͑s-wave͒ detachment leads to ␤ =0, l =1 ͑p-wave͒ to ␤ = 2 and l = 0 and 2 with equal amplitude and phase ͑s + d wave͒ to ␤ = −1.
III. RESULTS
The transformed SEVI images of C 3 O − and C 3 S − taken at photon energies of 14 493 and 15 037 cm −1 , respectively, are presented in Fig. 1 . Both images display a similar series of closely spaced doublets. However, the two images display features with different PADs, as seen most clearly on the outermost rings. In the C 3 O − image, these rings have more intensity in the direction parallel to the laser electric field, corresponding to ␤ Ͼ 0. In contrast, features in the C 3 S − images are more intense in the direction perpendicular to the electric field, indicating ␤ Ͻ 0. Figure 2 shows the ␤ values for the main features in the SEVI images shown in Fig. 1 as a function of their eKE. The highest energy features ͑outer-most ring͒ have ␤ = 0.6Ϯ 0.1 and ␤ = −0.8Ϯ 0.1 for C 3 O − and C 3 S − , respectively. In both images, the rings become more isotropic ͑␤ =0͒ with decreasing radius, consistent with our expectation that s-wave detachment, when allowed, dominates near threshold. 34, 45 PE spectra obtained from the C 3 A 0 . A second, slightly less intense progression B n has a similar spacing; each peak B n lies 111 cm −1 above the corresponding A n peak on average. The SEVI spectrum shows considerably more structure than the lower resolution PE spectra of Oakes and Ellison, 32 in which only a single, partially resolved progression of peaks spaced by 600 cm −1 was observed, with no evidence for the multiplet structure seen here.
The C 3 S − spectrum displays a similar pattern. There are two clear progressions, A n and B n . The progression A n has a characteristic spacing of 488 cm −1 and each peak B n appears, on average, 142 cm −1 above the corresponding peak A n . The A n and B n progressions are less extended than in C 3 O − , and the most intense feature in the C 3 S − spectrum ͑B 3 ͒ is found 1583 cm −1 above A 0 . In both spectra, lower intensity peaks labeled C n , D n , and E n are also resolved between the main transitions. Peak positions in the C 3 O − and C 3 S − SEVI spectra are presented in Tables I and II .
IV. ELECTRONIC STRUCTURE CALCULATIONS
Electronic structure calculations were performed on the relevant neutral and anionic states of C 3 O and C 3 S to produce at a uniform level of theory all the geometries and vibrational frequencies necessary to interpret the PE spectra. Our calculations were carried out with density functional theory ͑DFT͒ using the Becke three-parameter Lee, Yang, and Parr ͑B3LYP͒ exchange-correlation functional 46, 47 and the augmented correlation consistent polarized valence triple-zeta ͑AVTZ͒ basis set. 48 All computations were performed using the GAUSSIAN03 program. 49 The calculated geometries and relative energies of the different states are shown in Table III while vibrational frequencies are presented in Table IV . The bond lengths of the neutral 1 ⌺ + ground state of C 3 O and C 3 S calculated here are all found to lie within 0.007 Å of the recommended values 25, 28 for these species. Both neutral species show a short C 1 C 2 bond and a longer C 2 C 3 bond. For the C 3 O − and C 3 S − anions, we found a bent 2 AЈ ground state. In both species, the 2 ⌸ linear geometry is found to be a firstorder transition state between the two equivalent bent structures. For C 3 O − , the bent minimum is found to be 0.17 eV below the linear geometry. The 2 AЈ state has a C 2 C 3 O angle of 142.5°and a C 1 C 2 C 3 angle of 167.8°. This geometry is very similar to the higher level CCSD͑T͒/AVTZ result of Rienstra-Kiracofe et al. 23 In C 3 S − , the bent minimum is only 0.02 eV below the linear geometry; the C 2 C 3 S angle is 171.0°and the C 1 C 2 C 3 angle is 177.7°. For C 3 S − , we found very similar lengths for the two CC bonds and a slightly longer CS bond than in the corresponding neutral. In contrast, for C 3 O − we found a short C 1 C 2 bond, a long C 2 C 3 bond, and a longer CO bond.
V. ANALYSIS AND DISCUSSION
In this section, we present a detailed assignment of the features observed in the SEVI spectra. In addition to the calculations presented here, the neutral C 3 O and C 3 S vibrational frequencies observed in argon matrix isolation experiments 14, 18 and the anharmonic frequency calculations of Hochlaf and co-workers 24, 31 are used as guidelines for the assignments. The peak assignments are summarized in Tables I and II. For both species, the main progression labeled A n is assigned to 4 0 n transitions involving the C 2 C 3 X bending vibration. In C 3 O, the position of the 4 0 1 transition ͑peak A 1 ͒ yields 581 cm −1 for the v 4 fundamental in excellent agreement with the value of 580.0 cm −1 measured in an argon matrix 14 and the calculated value 24 of 584.4 cm −1 . Similarly, the v 4 fundamental in C 3 S is found to be 478 cm −1 . Our spectra represent the first experimental observation of this mode in C 3 S but its frequency is in excellent agreement with the calculated value 31 A n and C n is found to be about twice the A n -B n splitting and thus the C n peaks are assigned to the 4 0 n 5 0 2 transitions. In the spectra of both species, the spacing in the less intense progression labeled D n is similar to the v 4 frequency and the first peak D 0 appears only after peak A 1 . The D n progression is thus assigned to the 3 0 1 4 0 n transitions. The v 3 mode is the symmetric stretch of the three bonds. The position of peak D 0 yields a v 3 fundamental of 935 and 721 cm −1 for C 3 O and C 3 S, respectively. This assignment is consistent with the values of 939.1 and 725.6 cm −1 found for C 3 O and C 3 S, respectively, in argon matrix isolation experiments.
14,18 The D n -E n spacing is similar to the v 5 frequency and thus the E n peaks are assigned to the 3 0 1 4 0 n 5 0 1 transitions. A few extra peaks are found in the C 3 S − spectra. The peaks labeled F n are assigned to the 3 0 2 4 0 n transitions while peak G is assigned to the 3 0 2 4 0 1 5 0 1 transition. The small peak labeled A is found 118 cm −1 below the origin transition and is assigned to a hot band transition. The most likely excited vibration in C 3 S − is the v 4 mode for which the calculated frequency is only 52 cm −1 . Peak A is thus assigned to the 4 1 0 transition, yielding a 118 cm −1 frequency for this mode in the anion. The difference between the experimental and calculated frequencies reflects the sensitivity of this mode to the height of the small barrier to linearity.
For both species, the position of peak A 0 yields the adiabatic EA. These values are determined as EA͑C 3 O͒ = 1.237Ϯ 0.003 eV and EA͑C 3 S͒ = 1.5957Ϯ 0.0010 eV. The uncertainty on the EA of C 3 O is slightly larger than on C 3 S because the very weak intensity of the origin peak in C 3 O prevented us from acquiring a spectrum at photon energy close to the detachment threshold. The EA of C 3 O found here is within the large error bars of the previous value of 1.34Ϯ 0.15 eV, but the feature assigned as the band origin by Oakes and Ellison 32 corresponds to the A 1 / B 1 doublet of the SEVI spectra. The revised EA͑C 3 O͒ is in excellent agreement with the value of 1.21 eV B3LYP/AVTZ calculated here but is still ϳ0.3 eV larger than the value of 0.93Ϯ 0.10 eV calculated by Rienstra-Kiracofe et al. 23 at the higher CCSD͑T͒/AVTZ level of theory. The experimental EA of C 3 S is reported for the first time and is found to be slightly smaller than the value of 1.73 eV calculated at the B3LYP/AVTZ level. The electron affinities and vibrational frequencies determined in this study are summarized in Table V . The SEVI spectra of C 3 O − and C 3 S − exhibit substantial bending activity, as expected for photodetachment from bent anions to linear neutral states. The longer 4 progression in the C 3 O − spectrum is consistent with our calculations indicating that this anion is considerably more bent than C 3 S − . However, even the relatively small deviation from linearity in the calculated C 3 S − geometry is sufficient to induce substantial bend progressions in the SEVI spectrum. In order to understand these effects in more detail, we attempted to simulate the spectra for both species with the usual FranckCondon and harmonic approximations. 50, 51 The C 3 O − and C 3 S − simulated spectra are shown in the middle panels of Figs. 5 and 6, respectively. Neither spectrum could be simulated very well by using the ab initio geometries and frequencies. The C 3 O simulation displays too much activity in the v 4 mode and not enough in the v 3 mode. On the other hand, the C 3 S simulation does not display enough activity in the v 4 and v 3 modes. In other to get reasonable agreement with the experimental spectra, the normal mode displacements of all the active modes need to be adjusted with the v 4 mode requiring the larger adjustments. The results of the simulations with optimized parameters are shown in the bottom panel of Figs. 5 and 6. The optimized parameters correspond to anion structures with ͑C 1 C 2 C 3 ͒ = 172°and ͑C 2 C 3 O͒ = 148°for C 3 O − and ͑C 1 C 2 C 3 ͒ = 175°and ͑C 2 C 3 S͒ = 160°for C 3 S − . It thus appears that our electronic structure calculations overestimate the distortion from linearity in C 3 O − and underestimate it in C 3 S − . However, we should point out that the analysis used here neglects effects from large-amplitude bending motion and Renner-Teller coupling in the anions, so the optimized geometries are only approximate.
The last point to discuss is the different PE angular distributions in the C 3 O − and C 3 S − SEVI spectra, as shown in Fig. 2 . Close to the detachment threshold, s-wave detachment should dominate for both species, 45 consistent with the nearly isotropic PADs observed here, and the contributions from higher partial waves should grow with increasing eKE. We indeed see increasingly anisotropic PADs, but while the features in the C 3 O − spectra exhibit p-wave character, those in the C 3 S − spectra show s + d wave character. In both cases, the electron is ejected from an aЈ orbital with significant amplitude on all four atoms; detachment via s, p, and d partial waves is allowed. However, C 3 S − is nearly linear, and the molecular orbital from which detachment occurs is similar to a -orbital in a linear molecule. Even though all partial waves are allowed by symmetry from such an orbital, in practice s + d wave detachment is often dominant. 9, 52 In a more strongly bent species such as C 3 O − , the propensity rules for detachment are expected to be less strict, so one might expect p-wave detachment to become increasingly more important at higher eKE. The C 3 O − and C 3 S − PADs thus most likely reflect the difference in geometry between the two anions predicted by our DFT calculations.
VI. CONCLUSIONS
High resolution PE spectra of C 3 O − and C 3 S − obtained using SEVI are reported. These spectra provide a more accurate EA of 1.237Ϯ 0.003 eV for C 3 O and the first measured EA of 1.5957Ϯ 0.0010 eV for C 3 S. In addition, we determine the gas-phase vibrational frequencies of the v 3 , v 4 , and v 5 modes for neutral C 3 O and C 3 S in their X 1 ⌺ + ground states. Since the neutral species are linear, extended progressions of bending modes in the SEVI spectra are consistent with bent equilibrium geometries for both the C 3 O − and C 3 S − anions. − SEVI spectra using ab initio ͑center͒ and optimized ͑lower panel͒ parameters. Experimental spectrum is shown in top panel for comparison.
